MicroRNAs (miRNAs) form an abundant class of non-coding RNA genes that have an important function in post-transcriptional gene regulation and in particular modulate the expression of developmentally important transcription factors including Hox genes. Two families of microRNAs are genomically located in intergenic regions in the Hox clusters and vertebrates. Here we describe their evolution in detail.
Introduction
MicroRNAs (miRNAs) form an abundant class of non-coding RNA genes. They are processed in the nucleus from a primary transcript to a hairpinshaped precursor of about 80nt, which is exported to the cytoplasm where the single-stranded mature microRNAs of about 22nt in length is excised. These are incorporated in one or more RNP complexes that are instrumental in the regulation of translation and degradation of mRNAs. We refer to a series of recent reviews [38, 44, 6] for a detailed discussion of their function and mechanisms as well as their history of discovery. The overall importance of microRNAs for development is highlighted by two facts: (1) many microRNAs have temporal and/or tissue-specific expression patterns, see e.g. [5, 30] ; (2) most of the verified targets of microRNAs in both animals and plants are transcription factors, see e.g. Table 2 in [6] . An over-representation of putative mircroRNA targets in genes associated with transcriptional regulation has also been reported in computational studies [39] , see also [52] .
MicroRNAs genes which occur associated with genes encoding transcription factors are thus of particular interest. Indeed, there are at least three groups of microRNAs residing within the Hox gene clusters. Hox genes code for homeodomain containing transcription factors that are essential for embryonic patterning [41] . In many species they are organized in tightly linked clusters although in some cases the clusters have been broken up. The homology of the vertebrate Hox genes with the genes in the Drosophila homeotic gene clusters was demonstrated already a decade ago [2, 55] . The common ancestor of all recent gnathostomes (sharks, bony fish, and tetrapods) had four clusters homologous to the mammalian ones [29, 50] . The two agnathan lineages, lampreys and hagfish, also exhibit multiple Hox clusters which, however, arose through duplication events independent of those leading to the mammalian clusters [31, 17, 18, 59] . In contrast, protostomes and invertebrate deuterostomes (echinodermata, hemichordata, urochordata, and cephalochordata) have a single cluster [40, 48, 13, 21] .
Mir-10 is located in the Antennapedia cluster of Drosophila melanogaster and has been reported in two mammalian Hox clusters [36, 37] . Mir-196 has been found in a variety of vertebrates and is known to direct the cleavage of HoxB8 mRNA in mouse embryos and also regulates the expression of HoxC8, HoxD8, and HoxA7 [67] . The microRNA iab-4 [11] is located in the bi-thorax cluster of Drosophila melanogaster [5, 37] and is predicted to target Ubx ; it may well be analogue of the vertebrate mir-196 but there is not recognizable sequence similarity.
The molecular evolution of microRNAs, maybe a bit surprisingly, has not been a main focus of research so far, with the exception of the let-7/mir-125 family [46, 45, 43] , which is present in metazoa with the exception of the most basal groups, and the mir17/mir92 family which is also evolutionarily old and exhibits a complex history of tandem and cluster duplications in vertebrates [61] . In this short contribution we consider in detail the phylogenetic distribution and the evolutionary history of the three Hox -associated microRNAs mir-10, mir-196, and iab-4.
Materials and Methods
MicroRNA sequences were obtained from the Rfam microRNA registry, version 3.1. (April 2004) [23] . Genomic sequences of Hox clusters were retrieved from the NCBI database. In this study we use the previously described Hox clusters from Homo sapiens (Hs) [63] , Pan troglodytes (Pt), Mus musculus (Mm) [66] , Rattus norvegicus (Rn) [22] , Polypterus senegalus (Ps) [10] , Takifugu rubripes (Tr) [4] , Tetraodon nigroviridis (Tn) [51] , Danio rerio (Dr) [3] , Oreochromis niloticus (On) [54] , Morone saxatilis (Ms) [57] , Spheroides nephalus (Sn) [4] , Heterodontus francisci (Hf) [33] , Petromyzon marinus (Pm) [31] , Drosophila melanogaster (Dm) [65, 15] , Anopheles gambiae (Ag) [49, 14] , Tribolium castaneum (Tc) [8] , Caenorhabditis elegans (Ce) [9, 62] , Caenorhabditis briggsae (Cb) [24] . Gallus gallus (Gg) sequences were taken from pre-ensemble in April 2004. After the our data analysis was complete a new release 4.0 of the microRNA registry was published in July 2004 containing predicted chicken microRNAs provided by the International Chicken Genome Sequencing Consortium. These sequences coincide with the results of our blast searches. Xenopus tropicalis (Xt) and Ciona intestinalis (Ci) data were taken from the JGI website 1 , Strongylocentrotus purpuratus date were obtained from the Baylor College of Medicine 2 , and Ciona savignyi sequences were downloaded from the Broad Institute at MIT 3 .
Furthermore, we used preliminary sequence data from the the NBCI databases GSS, WGS, and HTGS. Sequence for the following species were available in May 2004: Apis mellifera (Am), Drosophila pseudoobscura (Dp), Bombyx mori (Bm) [42] , Amia calva (Ac), Gasterosteus aculeatus (Ga), Sus scrofa (Sc), Bos taurus (Bt), Felis catus (Fc), Canis familiaris (Cf), Papio hamadryas (Ph), Carollia perspicillata (Cp), Otolemur garnettii (Og).
The microRNA sequences in the HoxB and HoxD clusters of the hornshark Hetrodontus francisci, in the four Hox clusters of the coelacanth Latimeria menadoensis [12] , and in the single Hox cluster of the amphioxus Branchiostoma floridae were obtained from unpublished complete cluster sequences.
We blasted (NCBI blast 2.2.8) the entire collection of microRNA precursor sequences from the microRNA registry, version 3. )))))))).))))))))).)))))))..))))) hsa-mir-10a
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].))))))))))..))))))))..))))))))))))) *** *** *********** ********** * ** * ** ** *** Putative microRNAs were then aligned using clustalw [64] and their consensus secondary structure was computed using RNAalifold [27] . This structure was compared to the secondary structure of the individual sequences (computed using RNAfold [28, 26] ) to check whether the individual fold conforms with the consensus structure, Fig. 1 . The boundaries of the precursor hairpin are determined by homology of both sequence and secondary structure with the known microRNAs from the microRNA Registry. Phylogenetic trees were computed using the neighbor-joining algorithm [53] implemented in the phylip package [16] with 1000 bootstrap replicates. All computations are preformed with the ∼80nt precursor molecules unless explicitly stated otherwise.
Possible homologies between distantly related sequences are assessed by computing the z-score of the sequence similarity score of a pairwise alignment in comparison to the distribution of sequence similarities of pairwise alignments of shuffled sequences as described in [61] .
Accession numbers of genomic sequences and the sequences of both known and predicted microRNA precursors are listed in the electronic supplement 4 . These microRNA sequences have been submitted to the rfam microRNA registry. Fig. 2 summarizes the results of our survey for mir-10, mir-196, and iab-4 homologs in metazoan sequences.
Results
The known mir-10 sequences are located between Hox5 and Hox4 in vertebrates and, correspondingly, between Dfd and Scr in arthropods. All mir-10 homologs detected in our survey share this location. Of all genomes considered here, mir-10 was absent only from the two nematodes C. elegans and C. briggsae, and from the two tunicate species C. intestinalis [13] and C. savignyi 5 . In both cases the Hox clusters have disintegrated into multiple pieces.
Vertebrate homologs of mir-10 were found in HoxB, HoxC, and HoxD clusters of gnathostomes, while they are absent in all investigated HoxA clusters including shark, latimeria, bichir, various teleosts and tetrapods. The mir-10 copy in the HoxC is present only in teleosts, Xenopus and Latimeria. At present there are no data available for the HoxC of a shark. A survey of the chicken genome and of all available mammalian genomes did not result in plausible candidates.
A mir-10 homolog was identified in the sea urchin Strongylocentrotus purpuratus. Its precursor differs from its vertebrate homologs by an extended hairpin loop, Fig. 1 . The genomic position of this putative microRNA is unknown since only individual contigs but not genome assembly is available. Sea urchins lack a Hox4 gene [40] , hence the detection of a mir-10 was somewhat surprising since mir-10 is located at a rather well-conserved distance of only about 1.5kb upstream of Hox4 in vertebrates. Recently [25] showed, however, that HoxB3a in zebrafish is produced from two alternative primary transcripts, one of which starts already a short distance downstream of Hox5 and contains mir-10 in an intron. It is plausible to assume that the mir-10 precursor is produced from the excised intron, so that mir-10 expression would be linked to the expression of Hox-3 rather than Hox-4.
The Hox cluster of both Ciona species is distributed over different scaffolds of their respective genome assemblies in the same way: only Hox12/13 -Hox11/12, Hox6/7 -Hox5 and Hox4 -Hox3 -Hox2, resp., are located tightly linked on the same scaffolds, while the Hox1 and Hox10 genes appear on individual scaffolds [58] . A number of conserved sequence motifs are located between Hox4 and the next gene upstream (a galactose 6-O-sulfotransferase). However, none of them forms a conserved hairpin structure. We therefore conclude that there is no analog of mir10 in Ciona. of Hox9, respectively. No invertebrate homologs of the known mir-196 were found. Many of the mir-196 sequences are listed already in the supplemental material of [67] . We were able to find additional members of this family in teleosts, and in particular in shark and latimeria. In addition, a mir-196 is located downstream of a Hox10 gene (designated HoxW10a in Irvine:02 ) of the lamprey Petromyzon marinus.
All gnathostome mir-196 sequences are located in the HoxA, HoxB, and HoxC clusters, no candidates were detectable in any of the available HoxD cluster sequences. The distribution of mir-196 sequences in teleost fishes is of particular interest. The only sequence in a HoxB clusters is located in the HoxBa cluster of the fugu (Takifugu rubripes). The HoxA-paralog of mir-196 appears both in the HoxAa and the HoxAb cluster of pufferfishes, while the HoxC -paralog was retained after the duplication of the HoxC cluster in the zebrafish (Danio rerio) only.
As noted in [67] there is a different, unrelated microRNA, iab-4, in the corresponding region between AbdB and AbdA in the insect Hox clusters. We find that this sequence is conserved in larger group of insect species but probably not even throughout the arthropod clade. Some of the microRNAs described here have been identified in previous studies as so-called "phylogenetic footprints", i.e., as conserved non-coding sequences, being identified as microRNAs. For example, CNS 6 in [25] is mir-10-B, while "footprint clique #169" in [51] is mir-196-A, and footprint A2 (10-9b) in [31, 18] corresponds to a lamprey homolog of mir-196. Surprisingly, two of these microRNAs, namely human mir-10-B and mir-196-A from human, mouse, pig, and chicken, appear in ESTs. The mir-196-A sequence is located in the 5'UTR of HoxA9 transcripts. Extensive alternative splicing has been reported for this gene in both human and mouse [20, 35, 47] . Since microRNAs have to undergo a maturation process already in the nucleus, in particular excision of the pre-microRNA by Drosha, they are most probably inactive when located on a mature mRNA. This suggests that the expression of at least of some microRNAs is linked to and regulated by alternative splicing of their host genes.
Both mir-196 and the mir-10 precursor sequences are very well conserved so that plausible alignments were obtained using clustalw. The reconstructed gene phylogenies, Fig. 3 are consistent with the established species phylogeny. They clearly reflect the duplication of the Hox clusters at the root of the vertebrates and the later duplication of the Hox clusters in the teleosts.
The gene trees in Fig. 3 suggest an elevated rate of evolution of mir-10 in the HoxBb and HoxDb clusters of the teleosts. We used Tajima's relative rate test [60] to test this hypothesis and find that, indeed, the mir-10-Bb sequences of the pufferfishes evolve significantly faster (χ 2 values in the range from 4-6). The same is true for the pufferfish mir-10-Db. Rate comparisons along other branches did not yield significant rate differences. In contrast, there are no significant rate deviations in the mir-196 family (with the exception of the highly derived Xenopus sequence). The iab-4 microRNA might be an analog of the vertebrate mir-196 in arthropods [67] . We have therefore search for weak sequence similarities between the two classes of sequences using the z-score obtained by comparing the sequence identity with the distribution of sequence identities between shuffled sequences [61] . For all comparisons of an mir-iab-4 with a mir-196 sequence we find values of z < 1.0, far from the significance threshold.
In rodents we find a large number of blast hits of mir-333 [34] with E < 10 −3 throughout the genome, including in and around the Hox clusters. The complete mir-333 sequence, however, does not map to a Hox cluster in the rat Rattus norvegicus, from which is was originally obtained [34] . the Fig. 5 shows the HoxB locus as an example. The distribution of the blast hits in ((((((((......) )))))))))))....)))))..))..)..)))))..))......... rno-mir-333
ACTCTGGAGGAAGGCAAATTAGAACTAT-TTTCCTCGGGCTGGAGAGATGGCTCAGTGGTTAAGAGCACCGACTGCTCTTCCAGAGGTCCTGAGTT RnB_252298 -TGGTGCATAGAAATGCATGCAGGGGGTTGGAGGGGAGGCTGGAGAGATGGCTCAGCGGTTAAGAGCACTGACTGCTCTTCCAGAGGTCCTGAGTT ********* * ******* * ********* * **** ******************* Fig. 5 . Top: blast hits with E < 10 −3 of rno-mir-333 in the genomic location of the HoxB clusters in mouse (Mm) and rat (Rn). The location of the hits on the positive and negative strands is indicated by spikes above or below the line, respectively. Hox genes are denotes by bars. Note that blast hits are depleted within the Hox clusters with the exception of the large intergenic region between HoxB13 and HoxB9. Below: clustalw alignment of rno-mir-333 and the five B2-mm2 sequences from Hox clusters most similar to rno-mir-333. There is no resemblance of the the mature microRNA with one of the other sequences, while the 3'part of rno-mir-333 is almost identical with the repetitive sequence element.
the area of Hox clusters indicates a drastically reduced density with the Hox clusters (with a few specific exception). This pattern matches the observation in [19] that repetitive DNA elements are strongly excluded from gnathostome Hox clusters. Sequence comparison shows that mir-333 is almost identical with an abundant rodent-specific short retro-transposon (SINE), B2-mm2 [32, 56] , from its position 35 to the 3' end of the microRNA precursor, Fig. 5 . This sequence interval does not include the mature microRNA, however. It is plausible that mir-333 has originated from this rodent-specific element SINE, that itself is ancestrally derived from tRNAs [32] . Additional support for this hypothesis stems from the fact that the tRNA derived parts of B2 elements fold into a specific secondary structure that features a long hairpin loop [7, 32] .
Discussion
The mir-10 sequence is evolutionarily ancient and was probably present already in the common ancestor of protostomes and deuterostomes. Its absence in nematodes and tunicates is possibly related to the disintegration of the Hox clusters in these species. Both C. briggsae and C. elegans have lost their Hox2 -Hox4 paralogs, see [1] , so that we do not expect to find a mir-10 sequence in these species.
In contrast, mir-196 homologs were detectable only in vertebrates. The iab-4 microRNA, which might have an analogous regulatory function in arthropods [67] , shows no detectable sequence homology. The fact that a mir-196 was found in the agnathan Petromyzon marinus but not in more basal deuterostomia (amphioxus, tunicates, or sea urchins) suggests that the origin of mir-196 is linked to the advent of the vertebrates.
The evolution of the Hox -cluster microRNAs closely follows the history of their "host' Hox -clusters. Subsequent to the genome duplication at the root of the vertebrate clade we observe loss of both mir-10 and mir-196 in one of the four paralog clusters. Given that the functional component of a microRNA is the mature 22-mer, which has remained almost identical throughout vertebrate evolution, it is surprising that this redundancy was not reduced more drastically.
The retention of most of the ancient microRNA paralogs suggest that the expression of the paralogs is regulated, probably linked to the Hox9 and Hox3 genes, resp., so that different paralogs act at different times and in different tissues. It is tempting to speculate, based on their extreme sequence similarity, that these paralog mircoRNAs cannot discriminate between different targets. The existence of paralog microRNA precursors would thus provide an additional degree of freedom for fine-tuning the spatio-temporal expression patterns of the mature miRNA which is further enhanced by means of both differential transcriptional regulation (e.g. mir-10/HoxB3 ) and alternative splicing (e.g. mir-196/HoxA9 ). An experimental test of this conjecture would require techniques for monitoring the precursor microRNA.
